Vertically aligned ZnO nanorods were successfully grown on porous silicon (PS) substrates by chemical bath deposition at a low temperature. X-ray diffraction, field-emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), and photoluminescence (PL) analyses were carried out to investigate the effect of growth duration (2 h to 8 h) on the optical and structural properties of the aligned ZnO nanorods. Strong and sharp ZnO (0 0 2) peaks of the ZnO nanorods proved that the aligned ZnO nanorods were preferentially fabricated along the c-axis of the hexagonal wurtzite structure. FESEM images demonstrated that the ZnO nanorod arrays were well aligned along the c-axis and perpendicular to the PS substrates regardless of the growth duration. The TEM image showed that the top surfaces of the ZnO nanorods were round with a smooth curvature. PL spectra demonstrated that the ZnO nanorods grown for 5 h exhibited the sharpest and most intense PL peaks within the ultraviolet range among all samples.
Introduction
ZnO nanostructures are a promising semiconductor material. These nanostructures have a direct wide band gap of 3.37 eV which is useful for photonic applications and a high excitonbinding energy of 60 meV for efficient excitonic emission even at room temperature. ZnO nanorod arrays with high surface-tovolume ratio, high sensitivity to absorbed oxygen on the surface, and slow electron/hole recombination rate have potential applications in light-emitting diodes [1] , and ultraviolet (UV) detectors [2, 3] . Furthermore, nanorod arrays are sensitive to various gases such as hydrogen [4] , acetaldehyde [5] , ethanol [6] , and carbon monoxide [7] . Numerous techniques are used for ZnO nanorod array fabrication, including electrochemical deposition [8] , chemical vapor deposition [9] , thermal evaporation [10] , metal organic chemical vapor deposition [11] , and chemical bath deposition (CBD) [12] [13] [14] . Among these techniques, CBD is the most suitable because the morphology, structural, and optical properties of ZnO nanorods grown by this method are influenced by numerous parameters, such as precursor concentration, growth duration, and temperature. Apart from being a low-temperature process, CBD has the advantages of chemical composition control, simplicity, homogeneity of sol solution, and capability for large-scale production. To date, various substrate types are used to synthesize ZnO nanorod arrays by different methods. The structural and surface morphology of substrates and their lattice mismatch with nanostructures are significant parameters since these factors control the nature and morphology of fabricated ZnO nanostructures. Among porous semiconductors, porous silicon (PS) is extensively studied because of its large internal surface, high resistivity, strong surface absorbability, and relevant application in the development of silicon-based optoelectronic devices [15] . A PS layer can decrease large mismatches in lattice constants and thermal expansion coefficients, thereby reducing the large stress between ZnO nanostructures and PS substrates [16] .
This work aimed to study the influence of growth duration on the morphology and quality of aligned ZnO nanorods grown on PS substrates by CBD. Aligned ZnO nanorods were 
Material and methods
Aligned ZnO nanorods were grown for various durations on PS substrates by CBD [17] . The PS layer was prepared from ntype Si (1 0 0) wafers by photo-electrochemical etching process in a Teflon cell. The electrolyte consisted of 4:1 volume ratio (v/v) mixture of ethanol (96%) and hydrofluoric acid (48%). The external direct current power supply was connected to a Pt wire and Si substrate, which served as the cathode and anode, respectively. The PS layer was prepared at a constant current density of 20 mA/cm 2 for 5 min, and the sample was illuminated with a 60 W visible lamp during etching. Subsequently, the sample was rinsed with deionized (DI) water and dried under nitrogen gas. To create a ZnO seed layer on the prepared PS substrates, a radio-frequency magnetron sputtering system was used to obtain a ZnO target with 99.999% purity. The sputtering power and argon pressure were fixed at 150 W and 15 mTorr, respectively. A 130 nm ZnO seed layer was fabricated on the PS substrates. The sample was subsequently annealed in a furnace for 60 min at 200 1C. To study the influence of growth duration, the beaker was placed in an oven for various durations (2, 3.5, 5, 6.5, and 8 h) at 95 1C to grow ZnO nanorods.
The crystalline structure and orientation of the ZnO nanorods was measured using X-ray diffraction (XRD) (PANalytical X'Pert PRO MRD PW3040). The field emission scanning electron microscopy (FESEM) (model FEI/ Nova NanoSEM 450) and high-resolution transmission electron microscopy (TECNAI G2 20S-TWIN, FEI) were employed to obtain the surface morphology of the ZnO nanorods. The optical properties of the produced ZnO nanorods at room temperature were investigated by photoluminescence spectroscopy (Jobin Yvon HR 800 UV, Edison, NJ, USA). Fig. 1 shows the X-ray diffraction (XRD) patterns of the aligned ZnO nanorods grown for different durations by CBD on PS substrates. All XRD patterns matched the Wurtzite hexagonal phase of ZnO (ICSD 01-074-0534), except for the peak located at 69.171 which was related to the PS substrates. Wurtzite structure of ZnO nanorods has two types of crystal planes including polar (0 0 1) plane, and nonpolar planes such as (1 0 1) and (1 0 0). The crystal planes with greater surface energy have faster growth rate, as a result, the growth rate of the planes in the [0 0 1] direction is more than that of the planes in the [1 0 0] direction [18] . Therefore, the (0 0 2) diffraction peak in the XRD patterns was dominant for ZnO nanorods grown for 2 h to 8 h. Strong and sharp ZnO (0 0 2) peaks of ZnO nanorods were observed, indicating that the aligned ZnO nanorods were preferentially fabricated along the c-axis of the hexagonal wurtzite structure and perpendicular to the PS substrates. Fig. 1 demonstrates that the (0 0 2) peak intensity of the aligned ZnO nanorods increased with increased growth duration up to 5 h and then decreased with further increased growth duration. With the increase of growth time, the polar (0 0 1) plane will be dissolved from the top of ZnO nanorods to form hexagonal volcano-like ZnO nanorods [18] .
Results and discussion
The strain of the ZnO nanorods synthesized on the PS substrate along the c-axis was obtained by using the following equation [19] :
where c and c 0 are the lattice constants of the ZnO nanorods obtained from the XRD data and the standard lattice constant for unstrained ZnO (ICSD 01-074-0534), respectively. The average crystallite size of the ZnO nanostructures along the (0 0 2) peak is obtained by the following Scherrer equation [19] :
where D, θ, λ, and β represent the average crystallite size, Bragg diffraction angle, X-ray radiation wavelength, and full width at half maximum value, respectively. Table 1 summarizes the XRD peak position, full width at half-maximum (FWHM), average crystallite size, and strain at the c-axis relative to the ZnO (0 0 2) planes of the aligned ZnO nanorods.
The FWHM values of the ZnO (0 0 2) peak decreased with increased growth duration. The average crystallite size of ZnO nanorods increased with increased growth duration from 2 h to 8 h. The tensile strain of the synthesized ZnO nanorods gradually decreased with increased growth duration from 2 h to 5 h and then gradually increased with further increased growth duration to 8 h. The lowest tensile strain, highest diffraction intensity, and small FWHM of diffraction peak (0 0 2) were observed in the aligned ZnO nanorods grown for 5 h. This observation indicated high crystal quality of ZnO nanorods grown on PS substrate. Fig. 2 shows the surface and cross section images of the aligned ZnO nanorods synthesized on seed-layer ZnO/PS substrates as a function of growth durations from 2 h to 8 h. FESEM images revealed that the ZnO nanorod arrays grew in high density on the entire PS substrate, and the distribution density of the nanorods was almost the same for all growth durations. FESEM images demonstrated that the ZnO nanorod arrays were well aligned along the c-axis and perpendicular to the PS substrates (clearly observable in the FESEM cross-sectional images) regardless of the growth duration. The FESEM cross-sectional images showed that the diameter and length of the aligned ZnO nanorods increased with increased growth duration up to 5 h and then decreased with further increased growth duration. Table 2 summarizes the average values of the diameter, length, and aspect ratio of the aligned ZnO nanorods grown for different durations. Fig. 2(c) shows that the aligned ZnO nanorods grown for 5 h had better surface morphology than those grown for other durations. Fig. 3(a) shows a typical low-resolution TEM image of ZnO nanorod arrays grown on a PS substrate for 5 h. The ZnO nanorod arrays had a smooth surface and uniform diameters along their entire lengths, as shown in Fig. 3(a) . Fig. 3(b) displays high-resolution TEM image of the ZnO nanorods grown on seed layer ZnO/PS substrate 5 h for growth durations. Fig. 3(c) exhibits a typical selected area electron diffraction (SAED) pattern for a single ZnO nanorod. The high-resolution TEM image and SAED pattern suggest that [0 0 0 1] is the preferred growth direction for ZnO nanorods. Fig. 4 shows the PL spectra of the aligned ZnO nanorods grown for different durations on seed-layer ZnO/PS substrates by CBD in air. These spectra can be separated into UV (379 nm to 390 nm) and visible (580 nm to 644 nm) region emission sections. The presence of sharp intensity PL peaks at 379 nm to 390 nm are attributed to the near-band-edge UV emission of the ZnO wide band gap generated from the direct recombination of photogenerated charge carriers [20] . The visible emission of the aligned ZnO nanorods resulted from structural and intrinsic defects in ZnO such as oxygen and zinc vacancies, as well as oxygen and zinc interstitials, in ZnO nanorods was attributed to the deep-level emission (DLE) of the ZnO band gap. For synthesized ZnO nanorods, the generated yellow (580, 581, and 586 nm), orange (622 nm), and red (644 nm) emissions shown in Figs. 4(a-c) , 4(d), and 4(e), respectively, proved that interstitial oxygen was the dominant defect. The presence of small peaks around 775 nm was related to the second-order diffraction of the high-intensity UV emission peak shown in Fig. 4(c) [21] . The UV peak intensity of the aligned ZnO nanorods from the free exciton recombination increased with increasing growth duration up to 5 h and then decreased with further increasing growth duration. Table 3 summarizes the UV and visible peak positions, FWHM intensity of the UV peak, and PL intensity ratio (I UV /I Visible ) of all samples. The UV and DLE emission peak positions of the ZnO nanorods red shifted with increased growth duration. Measurement of the intensity ratio of UV light emission to visible light emission (I UV /I Visible ) is suitable for evaluating the concentration of structural defects in aligned ZnO nanorods [22] . The highest PL intensity ratio in Fig. 4(f) was related to the aligned ZnO nanorods grown for 5 h and indicated that the ZnO nanorods had higher optical quality than those grown for other durations.
The Growth mechanism of growth on ZnO nanorods can be explained based on the chemical reactions in the CBD process and theory of nucleation and growth of ZnO crystal. In this method, a substrate is dipped vertically inside a beaker containing the aqueous solution of zinc nitrite hexahydrate (Zn (NO 3 ) 2 Á 6H 2 O) and hexamethylenetetramine (C 6 H 12 N 4 ) that act as a source of Zn 2 þ and OH À ions, respectively. Colloidal Zn(OH) 2 clusters, which are necessary for the growth units of ZnO nanorods, are produced from Zn 2 and OH À ions. The reactions in ZnO nanorod growth are described in the following [23] :
Conclusions
Aligned ZnO nanorods were vertically grown on PS substrates by CBD. The effect of growth duration on the optical and structural properties of the aligned ZnO nanorods on PS substrates was investigated by XRD, FESEM, TEM, and PL. XRD results showed that the aligned ZnO nanorods grown for 5 h had better structural quality and smaller tensile strain than those synthesized for other growth durations. FESEM images indicated that the diameter and length of the aligned ZnO nanorods increasing with increased growth duration up to 5 h and subsequently decreased with further increasing growth duration. The TEM image showed that the aligned ZnO nanorods had a smooth surface and uniform diameters along their entire lengths. The highest PL intensity ratio (I UV /I Visible ) was observed in the aligned ZnO nanorods grown for 5 h. Therefore, growth duration considerably influenced the optical properties, structural properties, and growth of aligned ZnO nanorods. 
